47 48 Periodontitis is an inflammatory disease that deteriorates bone supporting teeth afflicting ~743 49 million people worldwide. Bacterial communities associated with disease have been classified into 50 red, orange, purple, blue, green, and yellow complexes based on their roles in the periodontal 51 pocket. Previous metagenomic and metatranscriptomics analyses suggest a common shift in 52 metabolic signatures in disease vs. healthy communities with up-regulated processes including 53 pyruvate fermentation, histidine degradation, amino acid metabolism, TonB-dependent receptors. 54 In this work, we examine existing metatranscriptome datasets to identify the commonly 55 differentially expressed transcripts and potential underlying RNA regulatory mechanisms behind 56 the metabolic shifts. Raw RNA-seq reads from three studies (including 49 healthy and 48 57 periodontitis samples) were assembled into transcripts de novo. Analyses revealed 859 58 differentially expressed (DE) transcripts, 675 more-and 174 less-expressed. Only ~20% of the DE 59 transcripts originate from the pathogenic red/orange complexes, and ~50% originate from 60 organisms unaffiliated with a complex. Comparison of expression profiles revealed variations 61 among disease samples; while specific metabolic processes are commonly up-regulated, the 62 underlying organisms are diverse both within and across disease associated communities. 63 Surveying DE transcripts for known ncRNAs from the Rfam database identified a large number 64
Introduction Hajishengallis et al., 2011 Orth et al., 2011) , Prevotella nigrescens, and Fusobacterium 139 nucleatum ) are not among the identified marker species that differentiate 140 diseased and healthy samples. The observed changes in community structure go hand in hand with 141 an alteration in the functional profile of the community. Metagenomic surveys of healthy and 142 diseased dental plaques revealed that genes encoding bacterial chemotaxis, motility, and glycan 143 biosynthesis and metabolism are over-represented in disease whereas metabolism of 144 carbohydrates, amino acids, energy, and lipids, membrane transport, and signal transduction are 145 under-represented (Wang et al., 2013) . 146 Three metatranscriptomic surveys have provided further insight directly into metabolic 147 activity during disease progression (Duran-Pinedo et al., 2014; Jorth et al., 2014; Yost et al., 2015) . 148 Gene ontology enrichment analyses of metatranscriptomes from progressing and stable 149 periodontitis sites revealed that members of the red complex up-regulate their TonB-dependent 150 receptors, aerotolerance genes, iron transport genes, hemolysins, and CRISPR-associated genes, 151
and enzymes like proteases and peptidases . However, transcripts (for processes 152 such as proteolysis, potassium transport, and cobalamin biosynthesis) from organisms not 153
previously associated with disease also show differential expression, suggesting involvement of 154 additional organisms . Functional comparisons of healthy and aggressive 155 periodontitis sites revealed that upregulation of lysine fermentation, histidine degradation, and 156 pyruvate metabolism are common to the diseased individuals . The collective 157 finding of all three metatranscriptomic studies is the conservation of the community functionality 158 rather than the specific microbial effecters of disease (Duran-Pinedo et al., 2015; Jorth et al., 2014; 159 Yost et al., 2015) . This finding emphasizes how understanding of the etiology of disease has 160 progressed from the red complex instigators, to the keystone pathogen concept, and to finally 161 toward a polymicrobial synergy and dysbiosis model (Hajishengallis and Lamont, 2012; Lamont 162 and Hajishengallis, 2015) . 163 While most of the emphasis of past metatranscriptomic analysis has been on identifying 164 up-regulated protein coding regions and organisms associated with these coding regions, a 165
functional bacterial transcriptome also includes many non-coding RNAs (ncRNAs). ncRNAs are 166 untranslated, often structured, elements that are key posttranscriptional regulators acting on mRNA 167 degradation , translation initiation (Frohlich and Vogel, 2009 ; Urban and 168 Vogel, 2007), synthesis of ribosomal proteins (Deiorio-Haggar et al., 2013), and transcription 169 attenuation (Breaker, 2012) in response to environmental cues. These regulatory elements can be 170 divided into cis-and trans-acting based on their location on the genome with respect to the 171 regulated target. Riboswitches are classical examples of cis-acting ncRNAs that are typically found 172 in the 5'-untranslated regions (5'UTR) immediately upstream of the regulated gene. ncRNAs are 173 also found antisense to coding regions and often interfere with transcription ( is likely that there are additional ncRNAs with biological function in the oral metatranscriptome 184 associated with periodontitis progression that have not been well-described. 185
Despite decades studying periodontitis and its microbial instigators, the overarching 186 mechanism of disease is still unknown. The organisms, underlying genes, and a short list of 187 ncRNAs driving the disease have been assessed, but the underlying common mechanism of disease 188 progression across the multitude of studies is yet unknown. The current study was undertaken as 189 a meta-analysis to elucidate the genes and potential regulatory mechanisms common to the 190 progression of periodontitis in patients across multiple studies and to illuminate the extent of 191 variation in functional composition between individuals. We achieved this by combining existing 192
RNA-seq read data from three previously published studies ( Comparison of expression profiles between samples-272 Based on the differential expression analysis, the significant transcripts were selected from 273 the entire transcript collection and the expression profile in each of the 49 healthy and 48 disease 274 samples were compared for these transcripts. Pearson correlation coefficients ranging between -1 275 for a negative relationship to 1 for a positive relationship were calculated for each pairwise 276 observation using the cor function in R.
278
In silico identification of known ncRNAs and de novo discovery of putative structured ncRNA-279
In an effort to identify ncRNAs that might regulate the progression of periodontitis, the DE 280 transcripts were assayed for both known and novel structured ncRNAs. Known ncRNAs deposited 281
in The predicted putative structures and their covariance models derived by GraphClust were 292 searched against the entirety of the Refseq77 genomic database using an in house perl pipeline to 293 obtain more, phylogenetically distant hits if possible. In short, the generated covariance model was 294 converted to version 1.1.1 of infernal, calibrated and then searched against the sequence database. 295
High confidence hits were extracted and realigned with the original covariance model. The 296
resultant Stockholm file was then filtered to remove sequences that do not have at least 60% of the 297 predicted structure before manual curation on RALEE (Griffiths-Jones, 2005 variation between healthy and periodontitis affected sites were collected. Despite many possible 306 differences between the studies -patient profile; disease severity; methodology used; we initially 307 combined the datasets in an effort to identify the underlying commonality across all studies. We 308 accumulated read data from a total of 49 healthy and 48 diseased samples. The collected data were 309 split into the two categories -Healthy with a total of 26,034,228 reads, and Disease with 310 34,697,369 reads, and concatenated into a combined dataset for de novo assembly using Trinity 311 (Grabherr et al., 2011; Haas et al., 2013) . This generated a total of 627,752 transcripts with an 312 average GC content of 49.76%, a median contig length of 298 nucleotides, and an N50 of 420 313 nucleotides. 314
Differential expression analyses of the transcripts between healthy and diseased states 315 using edgeR with counts first normalized to each dataset and then cross-sample normalized 316 resulted in a total of 859 DE transcripts with a p value < 0.05 and a log2FC ³ 1 or £ -1 (Table S1 ). 317
Of these, 675 showed increased expression in diseased samples, and 184 displayed decreased 318
expression. Although such differences are the result of both up-or down-regulated gene expression 319
within an organism and frequency changes in members of the microbial community, we will refer 320 to increased prevalence transcripts as up-regulated, and decreased prevalence transcripts as down-321 regulated throughout this manuscript. The transcripts are represented by 157 species and strains 322 spanning 52 genera. Only ~20% of the up-or down-regulated transcripts originated from the 323 members of the red or orange complexes and ~50% originate from microbes unaffiliated with any 324 specific complexes ( Fig. 1a Although the red and orange complexes account for only a small percentage of the 347 differentially expressed genes, the magnitude of change in expression in these transcripts is drastic 348 (Fig. 1b) To assess whether the expression profiles of DE transcripts of disease samples are similar 365
to one another, correlation between profiles of individual samples was estimated. The Pearson 366 correlation coefficient (PCC) was calculated for each pairwise comparison of samples . The PCC  367 is a measure of the linear correlation between two variables where the resulting value between -1 368 and 1 suggests either a negative linear correlation or a positive one respectively. From a heatmap 369 of the correlation values (Fig. 2) , it is immediately apparent that there is no strong correlation 370 between all the healthy samples. This is expected as the oral microbiome in each individual is 371 likely to be highly complex and variant. There is also no strong correlation in the expression 372 profiles of the disease samples. In fact, samples tend to cluster based on the study in which they 373
were generated in rather than the disease state. However, intra study clustering is also not absolute, 374
there are instances where samples from different studies cluster together. This finding is consistent 375
with the diverse criteria for sample inclusion, and methodology across the original studies. 376
The lack of correlation in the expression profiles can be attributed to the variation in the 377 community composition of the samples. The genus and species level composition of each disease 378 sample (using the entire metatranscriptomes) show distinct communities in each sample (Fig. 3a) . 379
The differences are apparent not only in variations in the relative abundances of members between 380
communities, but also in the presence/absence of members of each genus and species. Assessing 381 the top 50 most abundant genera in the entire dataset ( Fig. 3a) , only 17 genera are commonly found 382 in >50% of the samples (Fig. 3b) Mastadenovirus. Thus, the discrepancy in correlation of expression of DE transcripts between 394 disease samples is likely a result of the drastic variation in the functionally active taxa among 395 samples, and is not likely purely due to differences between originating studies. 396 397
Specific metabolic processes are enriched in disease-398
To identify the biological processes that are enriched in the DE transcripts, GO term 399 enrichment analyses using GOseq was conducted. This analysis revealed that biological processes 400 that involve only one organism are significantly less expressed in disease including lipid metabolic 401 processes, hydrolase activity, and peptidase activity in individual organisms. The analyses also 402 revealed an enrichment of genes categorized under the umbrella biological process of localization 403 (e.g. transporter proteins, protein localization to cell surface). These are likely involved in 404 establishment of pathogen localization in the pocket, as periodontitis progresses by the successive 405 localization of various microorganisms in the pocket, until the members of the red complex arrive 406 to drive pathogenesis. Other enriched processes include transport (cation, organic substance, 407 nitrogen compounds, proteins, amino acids), biosynthesis (nitrogen compounds, aromatic 408 compounds, and RNA), metabolism (catabolism of organic substances, glycolytic processes, 409
pyruvate and amino acid metabolism), transcription, and translation. 410 411
Metatranscriptomics supports the polymicrobial nature of periodontitis-412
The polymicrobial nature of a periodontal infection is readily apparent in the diversity of 413 microorganisms observed to be the sources of the DE transcripts. Mapping the DE transcripts on 414
to KEGG pathways using Pathview revealed communities working in unison to provide a 415 functional shift in disease. For example, mapping the increased prevalence transcripts on to the 416 KEGG pathway for pyruvate metabolism (ko00620) showed both strongly and weakly increased 417 expression genes in the pathway. Surprisingly, annotating these transcripts by their microbial 418 sources revealed DE transcripts originating from members of several complexes (Fig. 4) . Different 419 steps along the pathway were increased or decreased prevalence in distinct organisms within the 420 community. 421
To further assess this observation, the microbial contributors to the pyruvate pathway in 422 each individual disease sample were identified using HUMAnN2. The variation observed in the 423 species contributing to pyruvate metabolism in different samples is striking (Fig. 5a&b ). Up-424 regulation of genes involved in the fermentation of pyruvate to acetate and lactate were detected 425 in 38/48 disease samples (Fig. 5a In an effort to identify possible regulatory mechanisms associated with disease, a screen 445 for known ncRNAs in the DE transcripts was carried out using Infernal 1.1.1. This screen returned 446 a total of 635 hits. All non-prokaryotic hits (eg. U1 spliceosomal RNA, Histone3) were removed 447 leaving 181 known structured ncRNAs in the assembled transcripts (Fig. 6 ). The two predominant 448 classes of ncRNA identified are tRNAs and tmRNAs, which constitute 41% and 19% of the 449 identified ncRNAs identified. These are critical RNA molecules responsible for essential bacterial 450 function, and display both up-and down-regulation depending on the organism. These differences 451 may reflect a change in community members rather than a change in functionality of the 452 community. In addition, the 6S RNA (constituting 3% of the ncRNAs identified) is up-or down-453 regulated in various unaffiliated genera, and up-regulated in a member of the orange complex -454 the genus Eubacterium. There were also ncRNAs displaying only increased prevalence. The large number of DE transcripts containing no previously described secondary 484 structured RNA (Fig. 6) were analyzed using GraphClust to discover novel putative ncRNA 485
structures. This resulted in a total of 224 putative ncRNAs in the up-regulated transcripts and 126 486 ncRNAs in the down-regulated transcripts. Each of these was manually curated to remove 487 structures with minimal covariation in the predicted base pairing, or lacking a defined genomic 488
context. Of these ncRNAs, 9 putative ncRNAs from the up-regulated and 6 putative ncRNAs from 489 the down-regulated transcripts were scanned against the genomic database Refseq77 using 490 cmsearch (Infernal 1.1.1) to identify additional homologs and determine the phylogenetic 491 distribution of the putative regulatory element. Alignments for each of the 15 putative ncRNAs 492
were analyzed using R-scape (Rivas et al., 2016a, 2016b) to estimate statistical support for the 493 predicted base pairs. Although the most of the putative ncRNAs were identified upstream of the 494 same gene across taxa, like dihydroxyacetone kinase and the nitrogen fixation gene, many were 495 found to be antisense upstream or downstream of the putatively regulated gene. A subset of the 496 identified putative novel ncRNAs and their phylogenetic distribution are described below (Fig. 7) . 497
Of the 224-predicted putative ncRNAs in the up-regulated transcripts, 9 sense and antisense 498 putative ncRNAs were chosen (Fig. 7a) based on their secondary structure and genomic context 499 (supplemental file). Three of these ncRNAs appear to act as 5'-UTR cis regulators. The first, 500 ncRNA-161, was identified in a transcript from Streptococcus anginosus CCUG 39159 (logFC of 501 ~2.9). This ncRNA is in the beginning of dihydroxyacetone kinase and is found only in the 502 Firmicutes (Fig. 7a&c) Thermotogae, and Fusobacteria (Fig. 7c) . The third candidate, ncRNA-66, was identified 509 upstream of a hypothetical protein in Actinomyces oral taxon 175 F0384 that had a logFC of ~1.42 510 and upstream of a hypothetical protein in Rothia dentocariosa ATCC 17931 with a logFC of ~1.41. 511
Survey of the phylogenetic distribution revealed that ncRNA-66 was found distributed upstream 512 of NAD-dependent dehydrolase, UDP-glucose-4-epimerase, and hypothetical proteins across the 513
Actinobacteria and Spirochaetes (Fig. 7c) . 514
In addition to potential 5'UTR ncRNAs discussed above, our analyses also found four up-515 regulated putative cis-antisense regulators associated with ribosomal protein genes. Our first 516 candidate, ncRNA-196, was identified in three up-regulated transcripts, located downstream and 517
antisense of the ribosomal protein S15 coding region. Two of these transcripts belonged to strains 518
of Rothia dentocariosa -M567 and ATCC 17931 with logFC of ~2.35 and 1.7 respectively, while 519 the third transcript belonged to Streptococcus oral taxon 071 73H25AP displayed a logFC of 3.15. 520
This putative ncRNA was found to be distributed through Firmicutes and Actinobacteria -mostly 521
in the genus Streptococcus and in Bacillus megaterium WSH-002 within the Firmicutes; and 522
Rothia dentocariosa in the Actinobacteria. Our second candidate, ncRNA-20 is another example 523 of a putative cis antisense regulator of a ribosomal protein, S14. It was found in four up-regulated 524 transcripts, three of which were from the genus Actinomyces and one from Rothia; Actinomyces 525 oral taxon 175 F0384 displayed a logFC of ~2.21; Actinomyces oris K20: ~1.5; and Actinomyces 526 naeslundii MG1: ~1.5; Rothia dentocariosa M567: ~1.8. Surveying Refseq77 revealed that this 527 ncRNA is distributed across the Actinobacteria, Deinococcus-Thermus, and Firmicutes. A third 528 candidate, ncRNA-3, is found cis-antisense of ribosomal protein L20 and represented in two 529 transcripts, both from the genus Streptococcus -Streptococcus peroris ATCC 700780 and 530
Streptococcus cristatus ATCC 51100 with a fold change of ~1.69 and ~1.66 respectively. 531
Phylogenetic distribution of this ncRNA spans the Firmicutes, Proteobacteria, and Bacteroidetes. 532
Finally, we identified a putative ncRNA antisense of ribosomal protein S19 (ncRNA-26). This 533 ncRNA was found in three highly up-regulated transcripts from Tannerella forsythia (logFC ~7.5), 534
Fusobacterium nucleatum (logFC ~4.0), and Veillonella parvula (logFC ~2.3). It is widely 535 distributed in the Bacterial domain. Of these antisense ncRNAs for ribosomal proteins, we find 536 additional evidence for expression of ncRNA-196 and ncRNA-3 in our recent study of the 537
Streptococcus pneumoniae TIGR4 transcriptional profile (Warrier et al., 2018) . 538 We also find up-regulated putative antisense ncRNAs associated with a variety of other 539 processes. Our first candidate, ncRNA-9 is associated with the elongation factor G gene, fusA, that 540 is differentially expressed in Streptococcus oligofermentans and Streptococcus anginosus. It is 541 narrowly distributed and is identified only in ~6% of the Firmicutes genomes in Refseq77. A 542 second example is ncRNA-8, which is antisense and downstream of the cell cycle protein gpsB. 543
We find ncRNA-8 in Streptococcus infantarius ATCC BAA-102 with the transcript having a 544 logFC of ~2.5. ncRNA-8 is narrowly distributed to only Firmicutes and Tenericutes. 545 We also identified six promising antisense ncRNAs in the down-regulated transcripts (Fig.  546 7b&c). Many of these also putatively regulate ribosomal proteins. ncRNA-118 was identified 547
antisense of ribosomal protein S9 in Streptococcus mutans UA 159 (down-regulated by ~-1.48 548 fold). This putative ncRNA is narrowly distributed across Refseq77 and is identified only in 549
Firmicutes and Tenericutes (Fig. 7c) . A second example is ncRNA-73, which is antisense to the 550 beginning of the ribosomal protein S1 coding region in Actinomyces oral taxon 180 F0310 (down-551 regulated ~-1.6 fold). Surveying the bacterial genomes in Refseq77 revealed that this ncRNA is 552 unique to the Actinobacteria. A third example is the putative ncRNA antisense of ribosomal 553 protein S13, ncRNA-94, which was identified in Granulicatella adiacens ATCC 49175 (down-554 regulated ~-1.6 fold). ncRNA-94 is widely distributed across the Bacterial domain and is absent 555 only in certain phyla such as Acidobacteria, Claocimonetes, and Deferribacteres. 556
In addition to ribosomal proteins, we also find down-regulated transcripts antisense to 557 genes involved in sugar metabolism. ncRNA-56 was identified in the Klebsiella pneumoniae 558 located antisense to the beginning of the beta-galactosidase gene, and is extremely down-regulated 559 (-6.8 fold). Surveying its distribution, ncRNA-56 is found in the genomes of other Actinobacteria, 560
Firmicutes, Proteobacteria, and Tenericutes. We also find two antisense ncRNAs putatively 561 regulating different steps of glycolysis. ncRNA-38 was discovered antisense and overlapping the 562 beginning of the down-regulated phosphoglycerate mutase gene. It was found in a fraction of the 563
Firmicutes, Fusobacteria, and Proteobacteria (Fig. 7c ). The other putative regulator of glycolysis 564 is ncRNA-68, which is found antisense and overlapping the translational start of glyceraldehyde-565
3-phosphate dehydrogenase. However, ncRNA-68 was found only in the Firmicutes. By applying 566 de novo discovery pipelines on the DE transcripts, we have identified several promising sense and 567 antisense putative regulators of bacterial ribosomal proteins and other metabolic genes that are 568 associated with periodontitis as reflected in their expression in the healthy vs. disease samples. 569 570
Discussion: 571
Here we present a meta study of three existing sets of metagenomes and health and disease to identify commonality in the progression of periodontitis. Although more 574 commonly performed with multiple metagenomes, combined metatranscriptomics analyses enable 575 us to increase statistical support for the findings that are made, as well as understand the 576 commonalities between different studies. From our analyses we find that nearly ~50% of DE 577 transcripts were from bacteria not previously classified into disease associated complexes ( Fig. 1) , 578
and only 20% originate from organisms of the red and orange complexes. This mimics previous 579 findings that showed putative virulence factors were up-regulated in larger numbers of bacteria 580 that did not belong to the red or orange complexes . However, despite the small 581 number of DE transcripts originating from the members of the red and orange complexes, these 582 transcripts show the greatest magnitude of up-or down-regulation. 583
Healthy samples do not cluster based on the transcript expression, and this is not surprising 584 since mature communities are extremely diverse and often show variations between individual 585 sites within the oral cavity (Marsh, 2006) . However, similar expression patterns are also not 586 observed across the disease samples. This lack in correlation among the disease samples is 587 somewhat surprising since previous work suggested that the disease associated microbiota are 588 more similar than health associated communities . In this case such differences 589 may also be attributed to differences in sample inclusion criteria, batch effects, and methodological 590 biases, of individual studies. However, these are unlikely to be the only reasons for such lack in 591 correlation. Meta-analyses of RNA-seq data from four studies comprising of 6-13 tissues each 592 from 11 vertebrate species using similar cross sample normalization methods revealed clustering 593 of samples by tissue rather than study or species (Sudmant et al., 2015) . This suggests that true 594 commonality between studies can be inferred by these meta-analyses despite any batch effects and 595 methodological biases that might exist. To support this, when comparing individual datasets, no 596 of the organism that showed differential expression. The pathway as a whole is up-regulated, but 915 the individual genes are up-regulated in diverse species supporting polymicrobial synergy during 916 periodontitis. 917 918 transcripts. Consensus sequence and secondary structure of each ncRNA after scanning against 943
Refseq77 and removing hits that did not share at least 60% of the secondary structure. Covarying 944 base pairs are shaded. B. Novel putative ncRNAs discovered in down-regulated transcripts 945 produced as described above for the up-regulated transcripts. C. Phylogenetic distribution of novel 946 putative ncRNAs in the Bacterial domain. The points represent the percentage of genomes in which 947 the ncRNA was found compared to the genomes in Refseq77 within a phylum. 13 of the 16 novel 948 ncRNAs were found in a fraction of all the Firmicutes genomes. ncRNA-26 (antisense of 949 ribosomal protein S19) and ncRNA-94 (antisense of ribosomal protein S13) are the most widely 950 distributed across the Bacterial domain. 
